T ype 2 diabetes mellitus (T2DM) is a growing worldwide health problem, with an estimated 439 million people living with diabetes mellitus in 2030 1 . The lifelong incidence of vascular complications is extremely high, and >80% of patients with diabetes will die from a vascular cause.
of characteristics that affect the amount of benefit they will receive from treatment. [11] [12] [13] The absolute risk reduction (ARR) of BP-lowering treatment for individual patients depends not only on baseline BP but also on baseline risk, which is determined by the combined actions of multiple risk factors, such as age, cholesterol, and BP 14 . Patients with high baseline risk tend to benefit more in terms of ARR. 15, 16 In addition, subgroup analyses have pointed out some characteristics that might influence the relative efficacy of treatment, such as age and pretreatment BP. 17, 18 Although some benefit from BP lowering may be seen across the entire range of background risk, it is to be expected that, in some cases, this benefit may be reduced by costs or adverse effects. 19 Clinicians thus need to identify those individual patients where benefit from BP-lowering therapy outweighs potential treatment disadvantages, such as cough and hypotension, the inconvenience of daily taking a drug and the monetary costs of treatment.
In the present study, we sought to predict the individual absolute effect of BP-lowering on the occurrence of major cardiovascular events in patients with T2DM using routine clinical data. For this purpose, we used data from the Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Controlled Evaluation (ADVANCE) trial 20 that randomly assigned patients with T2DM to receive a fixed combination of perindopril and indapamide. The effect of treatment for individual patients could then be estimated using a newly developed risk score and the relative treatment effect observed in the trial. These individualized estimates of treatment effect may help to guide treatment decisions in individual patients with T2DM in clinical practice.
Methods
The design, rationale, and outcomes of the ADVANCE trial have been described elsewhere. 20, 21 Briefly, the ADVANCE study was a factorial randomized controlled trial evaluating the effect of intensive glucose control therapy and routine BP-lowering therapy with a fixed combination of perindopril and indapamide (4/1.25 mg) or placebo on vascular events and death. From 215 collaborating centers in 20 countries from Asia, Australasia, Europe, and North America, 11 140 participants diagnosed with T2DM and aged ≥55 years were included. Eligible patients also needed to have a history of macrovascular or microvascular disease or ≥1 risk factor. There were no BP criteria for inclusion. The end point of interest was major adverse cardiovascular events (MACE; ie, cardiovascular death, nonfatal myocardial infarction, or nonfatal stroke). Approval for the trial was obtained from the institutional ethics committee of each center, and all participants provided written informed consent. Data were missing in 4.5% of participants for urinary albumin/creatinine ratio and in <1% for all other covariables. Missing data were reduced by single imputation methods using predictive mean matching.
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Model Derivation
We developed a new Cox proportional hazards model based on a set of clinical characteristics together with a treatment status covariable (placebo versus active treatment). The prespecified predictors were sex, age, diabetes mellitus duration, systolic BP, history of treated hypertension, current smoking, HbA1c, total cholesterol, high-density lipoprotein -cholesterol, waist circumference, urinary albumin/ creatinine ratio, estimated glomerular filtration rate, history of major macrovascular disease, retinopathy, ethnicity, and treatment status. Ethnicity was classified into Asian and non-Asian because further subdivision would produce categories with too few participants. Diabetic retinopathy was defined as fundoscopic evidence of background or proliferative retinopathy, previous laser retinal therapy, macular edema, or blindness. Estimated glomerular filtration rate was calculated by the Chronic Kidney Disease Epidemiology Collaboration equation. 24 Potential interactions between treatment and age, systolic BP, currently treated hypertension, estimated glomerular filtration rate, and baseline risk were considered. 25 Continuous predictors were truncated at the 1st and 99th percentile to limit the effect of outliers. 23 Restricted cubic splines were used to assess the linearity assumption for continuous predictors. 23 As a result, estimated glomerular filtration rate was included both as a linear and as a squared term, and urinary albumin/creatinine ratio was natural log-transformed.
First, treatment interactions with a conditional likelihood ratio P value of ≥0.05 were removed from the starting model. Next, the model was further simplified by stepwise backward selection based on Akaike's Information Criterion. To correct for overoptimism, 1000-fold bootstrap resampling was used and a factor of 0.967 was derived to shrink the model coefficients except for treatment uniformly. 22 The proportional hazard assumption was verified by testing the correlation between scaled Schoenfeld's residuals and time: no violations were observed. The final model was used to calculate the risk of MACE, with and without treatment, for every participant by fixing the treatment variable to placebo and active treatment, respectively. The difference is the individual patient's ARR and can be translated to a patient-specific number-needed-to-treat (NNT=100/ARR). This individual NNT reflects the number of patients with exactly similar characteristics that need to be treated to prevent 1 event. The model was fitted for the prediction of 4.4-year (median follow-up) risk and extrapolated to yield 5-year estimates through exponentiation.
Sensitivity analyses encompassed the evaluation of individual treatment effect based on 2 existing risk algorithms (ADVANCE risk engine 26 and recalibrated U.K. Prospective Diabetes Study [UKPDS] score) 27 together with the observed overall relative risk reduction from ADVANCE. Because these algorithms were constructed for the use in patients without previous cardiovascular disease, these analyses were conducted in the subgroup of patients free from macrovascular disease at baseline.
Assessment of Model Performance
Calibration was assessed by plotting observed 5-year event-free survival against the average predicted 5-year event-free survival within groups defined by the deciles of predicted risk and by the Gronnesby and Borgan test. 28 Discrimination was assessed by Harrell c-statistic and the optimism-corrected c-statistic was obtained by 1000-fold bootstrap resampling.
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Distribution of Individual Treatment Effect and Net Benefit
The distributions of estimated individual 5-year ARR of MACE are displayed in histograms. Next, we evaluated the group-level consequences of applying a prediction-based treatment strategy in clinical practice using the net benefit method. 30 Net benefit is found from weighing the positive and negative effects of treatment and uses observed event rates and treatment rates in trial participants. The equipoise between benefit and disadvantages of treatment may be expressed by a threshold NNT. For example, a 5-year threshold NNT (NNT 5 ) of 50 implies that the disadvantages of treating 50 patients for 5 years are considered to be well balanced by the benefit obtained by preventing one outcome. Net benefit is calculated as the observed ARR in patients for whom the treatment recommended by the decision strategy is congruent with randomized allocation minus the disadvantages of treatment. The disadvantages are expressed as the proportion of treated patients weighted by the inverse of the threshold NNT:
Net benefit = ARR-P treated *(1/threshold NNT).
Net benefit can be interpreted as the excess number of events prevented per 100 patients on top of the minimally required number of events prevented to offset treatment disadvantages. We considered the following treatment decision strategies at a threshold NNT 5 between 25 and infinity: (1) treat everyone, (2) prediction-based treatment (ie, selective treatment of patients whose predicted individual treatment effect exceeds the specified threshold NNT), or (3) 
Results
Model Derivation and Performance
Baseline characteristics of the ADVANCE participants are shown in Table 1 . During a median follow-up of 4.4 years, 1000 major cardiovascular events occurred. The final algorithm contained 14 variables ( Table 2) . None of the treatment interactions (including the risk-based interaction) were significant. The risk score showed good calibration (P≥0.42; Figure 1 
Distribution of Baseline Risk and Treatment Effect
The median 5-year MACE risk on placebo was 8% (interquartile range, 6%-13%). Of the ADVANCE participants, 21% were at low 5-year MACE risk (<5%), 40% at intermediate risk (5%-10%), 20% at high risk (10%-15%), and 20% at very high risk (>15%). According to the risk algorithm, 43% of patients had a large predicted 5-year ARR of ≥1% (NNT 5 ≤100) and 40% had an intermediate predicted ARR of 0.5% to 1% (NNT 5 =100-200). The proportion of patients with a small ARR of ≤0.5% (NNT 5 ≥200) was 17% ( Figure 2 ).
In patients free from major macrovascular disease, the median 5-year MACE risk was 7% (interquartile range, 5%-10%] and a proportion of 28% was identified to have a large ARR of ≥1%. By contrast, median risk was 13% (interquartile range, 9%-20%) in patients with previous major macrovascular disease, and 74% of patients had a large predicted ARR of ≥1% ( Figure S1 ; Table S1 in the online-only Data Supplement). Sensitivity analyses in the patients free from major macrovascular disease using the previously published ADVANCE and UKPDS risk scores produced similar distributions of risk and treatment effect ( Figure S2 ).
Net Benefit and Clinical Implications
For threshold NNTs 5 <200 (or 5-year ARR>0.5%), predictionbased treatment was associated with higher net benefit at a )×100%, where A is the sum, over all variables in the model, of the patient's specific value times the corresponding coefficient. CI indicates confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; HDL, high-density lipoprotein; MACE, major adverse cardiovascular events; S 0 (5)=5-year baseline survival; and UACR, urinary albumin/creatinine ratio. *Coefficients were penalized to increase external validity, whereas unbiased HRs and statistics were derived from an unpenalized Cox model. †Risk model contains linear and squared terms for eGFR and a natural logtransformed term for ACR. HRs were computed for the difference between the 75th and 25th percentile of eGFR (88 vs 62) and UACR (40 vs 7). by guest on January 15, 2018 http://hyper.ahajournals.org/ Downloaded from group level compared with treat-all and selective treatment of patients with a BP >140/90 mm Hg (Figure 3) . Selective treatment of patients with a predicted individual NNT 5 ≤100 resulted in treating only 43% of the study population (Table 3) . In this selectively treated group of patients, the average NNT 5 was reduced from 92 to 59.
In patients free from macrovascular disease, net benefit was highest for prediction-based treatment for threshold NNTs 5 <200. In patients with major macrovascular disease, prediction-based treatment was superior to treat all, whereas no clear benefit over BP-based treatment was observed in this subgroup ( Figure S3 ). Net benefit analyses using the ADVANCE risk engine and UKPDS risk score in patients free from major macrovascular disease produced similar results ( Figure S4 ).
Discussion
The present analysis from the ADVANCE trial demonstrates that a treatment algorithm based on routine clinical data can identify individual patients with T2DM who benefit most from BP-lowering treatment with perindopril-indapamide in terms of ARR of MACE. At a group level, prediction-based treatment can result in a more optimal trade-off between number of patients treated and number of events prevented depending on the relative weighing of treatment benefits and disadvantages.
The ADVANCE trial was designed to evaluate the efficacy of a fixed-dose combination of BP-lowering drugs in patients with diabetes mellitus irrespective of initial BP or other antihypertensive drugs. Not selecting patients based on BP is less resource intensive and more inclusive than treatment based on BP thresholds, and this policy did lower the risk of MACE and mortality at a group level. 20 The present post hoc analysis showed that individual treatment effect varied widely across individual patients with T2DM. We found no evidence for heterogeneity of the relative treatment effect by patient characteristics or baseline risk, in concurrence with results from previous meta-analyses. 4, 18 Hence, the most important determinant of the absolute individual treatment effect of BP lowering was pretreatment cardiovascular risk. Formerly diabetes mellitus was regarded as a coronary heart disease equivalent, suggesting a 10-year cardiovascular risk of >20%. 31 However, this concept is debated and heterogeneity in risk is illustrated in ADVANCE by the identification of 29% of patients without previous macrovascular disease with a 5-year cardiovascular risk of ≤5%. Hence, the designation of diabetes mellitus per se as a high-risk equivalent is inaccurate. In the present analysis, we also included patients with a history of macrovascular disease and covered the broad range of patients with diabetes mellitus encountered in clinical practice. The use of prediction models that consider a combination of multiple risk factors can individualize the estimate of treatment effect and provides a tool to direct treatment to patients who might expect by guest on January 15, 2018 http://hyper.ahajournals.org/ the most benefit from treatment. Furthermore, providing patients with individualized estimates of treatment effect can enhance knowledge translation and engage patients in shared decision making by raising awareness of their individualized risks and benefits of treatment. 32 Furthermore, this individualized approach could replace the sole reliance on BP levels to decide on treatment initiation or intensification. Current guidelines recommend medical treatment of BP values >140/90 mm Hg in patients with diabetes mellitus, falsely suggesting that risk suddenly increases when BP reaches this specific cutoff. 3, 8 Given that the ultimate goal of BP-lowering treatment is to reduce cardiovascular risk, BP levels are best viewed in the broader context of the individual patient's cardiovascular risk. For example, BP-lowering treatment of a high-risk patient with an systolic BP of 135 mm Hg can produce a large ARR of 1.8%, whereas treatment of a low-risk patient with an systolic BP of 155 mm Hg would result in a small ARR of 0.4% (Table 4) . Ideally, this individualized assessment of BP-lowering medication on cardiovascular outcomes would be part of a personalized strategy to manage all major cardiovascular risk factors.
We used net benefit analyses to evaluate the application of treatment effect prediction models in clinical practice. Notably, net benefit does not refer to treatment decisions for specific patients but evaluates the consequences of applying a treatment strategy to a whole population. Selective treatment of patients will inevitably result in a small increase in event rate that is balanced by a reduction in treatment rate. The choice of an appropriate treatment threshold can be difficult. The ADVANCE trial evaluated a combination of 2 drugs at lower dose that was suggested to cause fewer side effects. 33 Indeed, active treatment was well tolerated, and the most frequent reasons for study discontinuation were cough (excess risk, 2.0%; 95% confidence interval, 1.4-2.6) and hypotension or dizziness (excess risk, 0.8%; 95% confidence interval, 0.5-1.2). 20 Nevertheless, other negative effects of treatment, such as the inconvenience of daily taking a drug and monetary costs, merit consideration. We displayed net benefit across a range of treatment thresholds to allow for a different appraisal of positive and negative effects of treatment. We did not provide confidence limits for the net benefit curves because for medical decision making the point estimates is guiding. That is, even if a certain strategy were better in only 51% of times, this strategy would still be preferable over the Net benefit is calculated as the observed absolute risk reduction of major adverse cardiovascular events (%) in patients whose randomized allocation is in accordance with the treatment recommended by the prediction score (ie, active or placebo) minus the disadvantages of treatment. Disadvantages are expressed as the proportion of patients receiving treatment weighted by the threshold number-needed-to-treat (NNT). First, a threshold NNT (corresponding to baseline risk) should be determined, and next the strategy associated with the highest net benefit for this specific threshold can be extracted from the graph. The threshold NNT may vary among clinicians and patients. The treat-all line originates at the average ARR observed in the trial because the disadvantages of treatment are assumed to be zero at an infinitely high threshold NNT 5 . Treat none is the reference line associated with zero net benefit. alternative. 34 For a range of treatment thresholds that might be considered acceptable in clinical practice (ie, threshold NNT 5 <200), prediction-based treatment was associated with the highest net benefit. If resources would be unrestricted and one is inclined to maximize the number of events prevented regardless of the number of patients that must be treated (ie, threshold NNT 5 >200), the appropriate strategy would be to treat every patient with T2DM. After stratification by history of macrovascular disease, we observed the largest benefit of prediction-based treatment in patients free from macrovascular disease. This was expected, as a treat-all strategy in this population results in treating many lower risk patients with a small individual treatment effect while being exposed to the disadvantages of treatment. Overall, the net benefit analysis indicates that application of a treatment algorithm in clinical practice can improve the balance between number of events prevented and the number of patients treated if guideline committees agree that an acceptable threshold NNT 5 is <200.
Some limitations need to be considered. First, the analyses and predictions apply to a specific drug regimen of perindopril-indapamide in patients who would be eligible for inclusion. Although the ADVANCE study included a broad range of patients, the presence of ≥1 additional cardiovascular risk factor in addition to T2DM was required, and patients with a definite indication for insulin therapy were excluded. Second, the overall treatment effect on macrovascular events was not significant although the effects on major vascular events, cardiovascular death, and all-cause mortality were. Because the observed macrovascular event rate was lower than expected, this could be because of a lack of power. 20 Also, meta-analyses of angiotensin-converting enzyme inhibitors in patients with diabetes mellitus provide considerable reassurance of a real effect. 35 Third, prediction models are likely to perform optimistically in the sample from which they were derived. 23 Hence, we adjusted estimates of calibration and discrimination for overoptimism by bootstrap resampling. Furthermore, in patients free from macrovascular disease, similar estimates of individual treatment effect were obtained using the UKPDS risk score. Fourth, the net benefit method is not a cost effectiveness analysis because monetary values are not explicitly assigned to positive or negative outcomes. Rather, it provides a framework for comparing treatment strategies that allows both positive and negative consequences to be considered in general terms. Finally, prediction-based treatment might be more burdensome than prescribing treatment to every patient with diabetes mellitus. However, the use of prediction-based treatment in clinical practice can be facilitated by electronic calculators (online-only Data Supplement and accessible through www.vasculairegeneeskundeutrecht.nl/ calculators). The individual estimates of treatment effect can be displayed graphically and can be used to engage patients in shared decision making at an individual patient level.
Perspectives
Individual patients with T2DM have multiple characteristics that influence the effect of BP-lowering treatment with perindopril-indapamide. A multivariable treatment algorithm can be used to quantify the anticipated patient-specific effect of BP-lowering treatment in terms of absolute risk reduction of major cardiovascular events. Individualized estimates of treatment effect may be used to guide treatment decisions by prescribing treatment to patients who can expect the greatest benefits and withholding treatment for patients with little chance of benefit while being susceptible to the negative effects of treatment. 
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Data supplement S1. Calculation example of Net Benefit
The net benefit method is described in detail by Vickers et al. and is found from weighing the positive and negative effects of treatment and uses observed event rates and treatment rates in trial participants 1 . Here we provide an example of how net benefit is calculated at a specific decision threshold of 1% ARR (NNT 5 =100) for three different treatment strategies. Similar calculations were repeated at each threshold and for every treatment strategy discussed.
1. The net benefit of treating no one serves as the reference category. The observed 5-year event rate was found from extrapolating the median Kaplan-Meier survival estimator in the placebo arm of the trial. The 5-year event rate was 10.74% at the cost of zero treatment.
2. The net benefit of treating everyone was calculated based on the observed event rate in the intervention arm of the trial. The 5-year event rate was 9.75%. The decrease in of 0.98% compared to the placebo arm was achieved at the cost of treating 5,569 (100%) of patients. At a decision threshold of NNT 5 =100 we consider that treating 100 patients during 5 years is balanced by the prevention of one outcome. Therefore, net benefit only accrues if at least one event is prevented per 100 treated patients. Net benefit can now be calculated as follows: 0.98% -100% * (1/100) = -0.02%. The negative sign means that the observed ARR was not sufficient to overcome treatment disadvantages.
3. The net benefit of the prediction-based treatment was based on the observed event rate in patients whose randomized allocation was congruent to the treatment recommended by the model. Patients with a predicted treatment effect of ≥1% ARR were selected from the intervention arm (n=2,407 & 5y risk 15.47%) and patients with a predicted effect of <1% ARR were selected from the placebo arm (n=3,241 & 5y risk 5.35%).
The combined observed event rate in this newly assembled group was 9.66% resulting in a decrease in event rate of 1.07% compared to the placebo arm. To achieve this reduction in event rate 43% of patients were treated. Consequently, net benefit was calculated as 1.07% -43% * (1/100) = 0.64%. Hence, at this specific decision threshold, a prediction-based strategy resulted in a more favourable trade-off between events prevented and number of patients treated. 
